Background--Hydrogen sulfide (H 2 S) has been implicated in regulating cardiovascular pathophysiology in experimental models. However, there is a paucity of information regarding the levels of H 2 S in health and cardiovascular disease. In this study we examine the levels of H 2 S in patients with cardiovascular disease as well as bioavailability of nitric oxide and inflammatory indicators.
N itric oxide (NO) and hydrogen sulfide (H 2 S) are now well-established gasotransmitters with protean functions in human biology including specific roles in cardiovascular physiology that continue to be elucidated. Both of these gaseous mediators are synthesized through enzymatic and nonenzymatic pathways. NO production classically occurs in an enzymatic manner via the nitric oxide synthase (NOS) isoenzymes with nonenzymatic reduction of nitrite/nitrate serving as alternative pathways. 1 Likewise, H 2 S is also produced by 3 principal enzymes including cystathionine c-lyase (CGL/CSE), cystathionine b-synthase (CBS), and 3-mercaptopyruvate transferase (3-MST), 2, 3 with nonenzymatic generation via glutathione and other sulfane sulfur redox pathways. 4 Biological effects of NO and H 2 S occur predominately through small molecule interactions and posttranslational protein thiol modifications. 5 Moreover, studies have suggested a role for H 2 S in vasodilation as an alternative to nitric oxide; as well as regulation of atherogenesis at the cellular and molecular level. [6] [7] [8] Importantly, reports have suggested that H 2 S can affect endothelial nitric oxide synthase (eNOS) expression and function while also increasing nitrite anion reduction to NO, thereby establishing an alternate pathway for regulating NO bioavailability. 9, 10 However, no information currently exists regarding biochemical relationships between NO and H 2 S in clinical settings. Precise understanding of H 2 S pathophysiology has been impeded by controversies in its measurement. The most widely used assay, the methylene blue method, lacks specificity and is subject to various sources of error in the measurement of bioavailable free H 2 S. [11] [12] [13] These issues aside, there still remains a paucity of information on clinical H 2 S levels in humans associated with cardiovascular disease. The few papers that have explored this have been hampered by the use of older methods and associated limitations. 14 Recent advances in H 2 S detection methods have identified accurate and reliable analytical approaches with which to measure free bioavailable H 2 S, including the ability to distinguish differences in levels amongst various mutant, germ free, and wild type animals. 12, 15, 16 Using these analytical measurement methods, we have obtained insight into plasma-free H 2 S levels in young healthy adults, but such information in patients with cardiovascular disease remains unknown. 17 In an effort to understand the relationship between bioavailable free H 2 S and NO in patients with and without vascular disease, we undertook an unbiased observational clinical study measuring these molecules in plasma from patients presenting for coronary or peripheral angiography at our institution. Additionally, we also measured plasma thrombospondin-1 (TSP-1), interleukin-6 (IL-6) and soluble intercellular adhesion molecule-1 (sICAM-1) levels. Here we report changes in plasma-free H 2 S levels that are differentially associated with NO depending on cardiovascular disease status.
Methods Study Design
Our clinical study complied with the declaration of Helsinki and was approved by the institutional review board of the Louisiana State University Health Sciences Center at Shreveport (LSUHSC-S) and was registered at www.clinicaltrials.gov, NCT 01407172.
Patients over the age of 40 undergoing cardiac catheterization or peripheral angiogram via a major arterial approach at the LSUHSC-S cardiac catheterization laboratory or vascular surgery suite were enrolled in the study. Our protocol took advantage of the fact that we broadly enrolled patients with suspected cardiovascular disease that was either confirmed or ruled out by angiography. The patients presented for angiography for the usual clinically accepted indications including cases of coronary angiography, unstable angina, non-ST elevation myocardial infarction, and stable angina. Similarly, peripheral angiography was performed for claudication and critical limb ischemia. All patients had the measurement of the ankle brachial index performed by the straight wrapping method, as currently recommended, 18 with an 8-MHz hand-held Doppler by a single physician operator. ABI measurement was performed prior to angiography in all patients. In this way, we were able to recruit and enroll patients in an unbiased manner and then separate them into distinct disease cohorts as discussed below. A total of 271 patients were enrolled in the study with 78 patients excluded due to various reasons including non-compressible vessels (at the time of study initiation defined as an ABI >1.3), excess number of enrolled nonperipheral artery disease patients beyond IRB-approved numbers allowed for further study, sample processing quality control failures (eg, exceeding collection tube incubation time or specimen hemolysis), or other issues (eg, cancellation of planned procedure). A total of 193 patients were studied and, based on the ankle brachial index or known peripheral artery disease (PAD) status, were classified as follows:
1 Patients without PAD as defined by ABI >0.9 and <1.3. 2 Patients with PAD as defined by an ABI <0.9 or documented PAD on peripheral angiogram or with prior peripheral arterial interventions.
The above groups were then divided according to the presence or absence of coronary artery disease (CAD) on the basis of their coronary angiogram using the currently accepted definitions for the same (ie, presence of >50% stenosis in at least 1 major epicardial coronary artery of size greater 2 mm). 19 In a few cases, coronary angiography could not be performed and CAD diagnosis was performed on the basis of medical history using the same criterion or history of prior myocardial infarction. Figure 1 illustrates the flow chart of cohort assignments along with the number of subjects per cohort.
Exclusion Criteria
Patients were excluded from the study if they were unable to provide informed consent, were enrolled in another clinical trial requiring the use of experimental therapeutic agents, or were pregnant or nursing. Additional exclusion criteria included patients with nonatherosclerotic PAD (eg, Buerger's disease) and those with ABI >1.3 (indicative of noncompressible vessel needing further evaluation to diagnose PAD) unless they had documented known PAD. Patients presenting with ST elevation myocardial infarction or cardiogenic shock were also excluded to avoid delays in care. were used for analysis, including a total of 74 PAD patients along with 119 non-PAD patients who were subsequently diagnosed with or without CAD after cardiac catheterization. CAD indicates coronary artery disease; PAD, peripheral artery disease.
Historical Data and Blood Collection
Medical record data were collected and patient interviews were conducted to assess for the presence of traditional risk factors (hypertension, dyslipidemia, diabetes, obesity, smoking, and racial and sex classification). Under routine aseptic conditions, a femoral or radial vascular access sheath was placed at the operator's discretion for the performance of the procedure. Twelve milliliters of blood was then collected into a sterile 20-mL syringe after bleed back to ensure that no contamination with saline used to flush catheters occurred. This sample of blood was then directly injected into 2 plastic 6-mL lithium heparin vacutainer tubes. Lithium heparin collection tubes were selected after initial experiments using healthy blood donors who demonstrated decreased hemolysis compared to ethylenediaminetetraacetic acid (EDTA) collections tubes, a phenomenon that has also been previously demonstrated by others particularly if the EDTA tube is incorrectly filled 20 ( Figure 2A and 2B). After inversion 4 to 5 times to ensure adequate mixing with the anticoagulant, the tube was placed on ice and transported to the research lab. To ensure consistency across samples, specimens were centrifuged at 9 minutes after collection for 4 minutes at a RCF (relative centrifugal force) of 1500g.
Measurement of Plasma Free H 2 S and Total Nitric Oxide
Plasma samples were analyzed for H 2 S as previously described. 12 Briefly, plasma free H 2 S was measured by reversed-phase high-performance liquid chromatography (RP-HPLC) after derivatization with excess monobromobimane (MBB) to form the stable sulfide-dibimane derivative. Thirty microliters of plasma was mixed with 70 lL of 100-mmol/L Tris-HCl buffer (pH 9.5, 0.1 mmol/L DTPA), followed by addition of 50 lL of 10-mmol/L MBB. The reaction was stopped after 30 minutes by adding 50 lL of 200-mmol/L 5-sulfosalicylic acid, and then the sample was centrifuged and the supernatant analyzed using a Shimadzu Prominence HPLC with fluorescence detection (k ex : 390 nm and k em : 475 nm) and an Eclipse XDB-C18 column. A separate aliquot of plasma was placed in NO preservation solution (800 mmol/L potassium ferricyanide, 17.6 mmol/L N-ethylmaleimide, and 6% nonidet P40) for tri-iodide NO chemiluminescent analysis as we have previously reported. 21 All plasma levels of H 2 S or NO were quantified based on sulfide dibimane and sodium nitrite standard curves, respectively. Finally, a third plasma aliquot was used for enzyme-linked immunosorbent assay (ELISA) measurement of thrombospondin-1 (TSP-1), IL-6 and sICAM-1 levels using the commercially available ELISA assays (R&D Systems, Cayman Chemicals, and Thermo Scientific, respectively) per the manufacturer's instructions.
Statistical Analysis
Based on our initial analytical measurements of plasma-free H 2 S levels in mice and humans, 17 a power analysis was performed (to 0.8) to identify the number of subjects needed assuming a 15% difference among subjects with or without PAD as well as a 5% drop out rate. This yielded 110 subjects per cohort for a total of 220 subjects. Data were analyzed with Statistical Package for Social Sciences version 16.0 (SPSS for Windows 7). A P value of <0.05 was required to achieve statistical significance. Linear regression analysis, independent sample t test, chi square test, and Spearman and Pearson's correlation analysis were performed based on the normality of the data and type of variable as noted below in the results section. 
Results

Demographics and Baseline Characteristics
Clinical characteristics of the enrolled patients were analyzed on the basis of the presence and absence of vascular disease (ie, patients with either or both PAD and CAD versus those without vascular disease [ Table 1] ). These data report phenotypic characteristics and associated percentages of the cohorts including race, sex, and traditional cardiovascular risk factors. Category percentages per cohort are listed in Table 1 . Table 2 also lists the prevalence of pharmaceutical agents that were taken by each patient cohort.
Plasma Free H 2 S and Vascular Disease
Linear regression analysis and independent sample t test were employed to examine the relationship between H 2 S bioavailability and specific cardiovascular disease status. Plasma-free H 2 S levels in patients with either vascular disease (mean 441.0 nmol/L) were significantly elevated compared to patients without vascular disease (mean 368.5 nmol/L, P=0.01) (Table 3) . Importantly, elevated H 2 S levels seen in patients with either vascular disease compared to those without vascular disease was independent of traditional risk factors including age, race, gender, and history of diabetes mellitus (DM) hypertension (HTN), hyperlipidemia, smoking, or obesity. Similarly, free-plasma H 2 S levels in patients with PAD alone (mean 514.4 nmol/L, P=0.007) or CAD alone (mean 443.8 nmol/L, P=0.02) were significantly greater than patients without either vascular disease (mean 368.5 nmol) (Table 3 ). However, differences in plasma-free H 2 S levels between patients with CAD alone versus PAD alone were not significant (P=0.18). Thus, plasma-free H 2 S alone was not able to discriminate between different forms of vascular disease. 
Free H 2 S and Smoking Status
An independent sample t test showed that patients who were current smokers had significantly elevated free H 2 S levels (mean 452.28 nmol/L, P=0.03) as compared to those who were not current smokers (mean 396.10 nmol/L). However, linear regression analysis revealed that when controlled for the presence of vascular disease the difference between smokers and non-smokers was not significant (P=0.073). A 1-way analysis of covariance (ANCOVA) between subjects was done to examine the effect of smoking on the relationship between H 2 S and vascular disease that revealed that patients with vascular disease had significantly higher adjusted H 2 S levels (meanAESE=438.54AE14.73) as compared to the patients without vascular disease (meanAESE=375.15AE24.11, F(1,190)=4.97, P=0.027).
Inflammatory Indicators and H 2 S Levels
Several inflammatory markers including sICAM-1, IL-6, and TSP-1 reported to participate in cardiovascular disease were examined. There was no significant difference noted amongst the various inflammatory markers between the patient cohorts, although increasing trends for IL-6 was noted in patients with PAD alone (Table 4) . Additionally, Pearson correlation analysis did not reveal any significant association between plasma-free H 2 S and levels of IL-6, sICAM, or TSP-1.
NO and Vascular Disease
Plasma NO levels have been reported to be inversely related to the number of cardiovascular risk factors such that the greater the number of risk factors the lower the plasma NO levels. 22 Interestingly, we found that patients with no vascular disease had considerably lower plasma NO levels (mean=64.7 nmol/L) compared to previously reported "normal" NO levels of healthy adults (%150 to 300 nmol/L). 22 However, our findings are not surprising as patients without clinically diagnosed vascular disease still had numerous risk factors, as noted in Table 1 , that are known to contribute to endothelial cell dysfunction and reduced NO levels. 22 Interestingly, linear regression analysis revealed that plasma total NO levels were only significantly lower in patients with PAD alone (mean 38.86 nmol/L, P=0.034) compared to subjects without vascular disease. Together, these data highlight that plasma NO bioavailability was considerably diminished in our study subjects compared to previously reported normal healthy subjects 22 and that patients with PAD alone had a significant deficit in total NO bioavailability.
Ratio of H 2 S to NO and Vascular Disease
We next examined the relationship between plasma-free H 2 S and NO bioavailability as these molecules have been found to influence the other in experimental systems 10 which might prove informative in discriminating between different forms of vascular disease. Spearman correlation analysis between plasma NO and free H 2 S in all patients with vascular disease did not reveal a significant correlation. However, calculation of plasma H 2 S/NO concentration ratios was performed for each cohort and compared using linear regression analysis. Importantly, the plasma H 2 S/NO ratio was significantly elevated in the PAD alone group (P=0.031) compared to patients with CAD alone versus those without vascular disease (Figure 3) . Together, these data reveal a novel finding that patients with PAD have significantly greater amounts of plasma-free H 2 S with respect to total NO levels.
Discussion
H 2 S is a colorless, pungent gas that has multiple functions in human physiology including regulation of neurological function, intestinal inflammation, ischemia reperfusion injury, vasomotor tone regulation, and angiogenesis. [23] [24] [25] [26] [27] A clear understanding of H 2 S bioavailability and metabolism has been impeded by controversies in its measurement and it is now well established that nonanalytical methods have resulted in anomalous levels. 12, 28, 29 Even accounting for data utilizing problematic methods, there still remains a paucity of information regarding plasma-free H 2 S levels in normal human physiology and disease states, much less its relationship to NO bioavailability. 14, 30 Several studies posit an important role of H 2 S in atherosclerosis pathogenesis involving both its development and attenuation of consequences of ischemic vascular remodeling and tissue ischemia reperfusion injury. 6 Lastly, H 2 S reduces vascular calcification in the rat model via down-regulation of alkaline phosphatase activity and osteopontin gene down-regulation. 33 Together, these findings suggest that changes in plasma-free H 2 S levels could affect several different pathophysiological responses involved in atherosclerotic vessel disease. Thus, elevation of plasma-free H 2 S found in our study could be interpreted in different ways; with an initial explanation being a compensatory response to endothelial dysfunction and dysregulation of NO bioavailability. As mentioned previously, recent studies reveal that H 2 S can alter eNOS expression and function while also enhancing nitrite anion reduction to NO, thus serving as an alternate pathway for regulating NO bioavailability.
9,10 Interestingly, we found that plasma NO levels were significantly reduced in all patients compared to reported normal levels of NO in healthy persons, with PADalone subjects showing the greatest deficit confirming recent findings that plasma NO levels are critically altered during PAD. 34 This observation is important when considering the relationship between plasma-free H 2 S and NO levels such that patients with PAD had the highest levels of plasma-free H 2 S compared to patients with CAD. These findings suggest that vascular disease mechanisms could be different between patients with CAD versus those with PAD. Future studies will address the nature of the H 2 S/NO relationship differences and whether such interactions may exist in healthy adults with no or few cardiovascular risk factors. Alternatively, elevated plasma-free H 2 S levels in patients with vascular disease may play a pathogenic role by decreasing NO production and bioavailability contributing to vascular dysfunction. Previous studies have shown that H 2 S donors (Na 2 S) can inhibit eNOS function and that H 2 S can interact with NO metabolites to generate novel reactive species. [35] [36] [37] Clearly, further cause and effect studies are needed to better understand the pathophysiological implications of our findings. Moreover, additional areas of investigation involving measurement of plasma CSE and CBS enzyme expression and activity along with cysteine substrate bioavailability will also be important to determine whether these factors may contribute to different observations between disease cohorts. Having observed distinct differences in plasma-free H 2 S and total NO in patients with vascular disease leads to the obvious question whether the use of such a test may serve as a biomarker for cardiovascular disease. Numerous studies have endeavored to identify useful biomarkers for vascular diseases including PAD. Multiple indicators have been examined from soluble adhesion molecules, inflammatory mediators, cytokines, and other plasma proteins. 38, 39 However, clinical utility of these markers as an indicator of vascular disease is still not clear and is under active investigation. A recent study by Smadja et al 40 suggested that plasma TSP-1 levels might identify patients with PAD as TSP-1 levels were increased over control patients. In our study, we did not observe a similar increase in plasma TSP-1 levels likely due to the fact that our study included Caucasian and African American males and females in contrast to Smadja et al that enrolled only "white men younger than 70 years of age". With regard to markers of vascular inflammation, we did not find a clear relationship or interaction of plasma-free H 2 S or NO levels with IL-6 or sICAM-1 levels. Future studies are clearly necessary to more closely evaluate the possibility of utilizing H 2 S either alone or in combination with other molecules as a biomarker for vascular disease. We recognize that our study has limitations. First, we employed the definition of noncompressible arteries (ie, an ABI >1.3) that was recommended at the time of study design and approval. However, since that time the ABI cut-off has been increased to >1.4, though we believe this to have a minimal effect on the major finding of our study. Moreover, in the rapidly evolving field of H 2 S biology, our laboratory has published a new method that sensitively and accurately measures discrete biologic pools of H 2 S. 17 While we did not evaluate differences in bioavailability of H 2 S in different biochemical forms, a separate study is currently ongoing to measure these biochemical forms in order to gain additional insight into H 2 S metabolite bioavailability in different cardiovascular disease states. We do not know if there is a circadian variation in H 2 S levels, however since all of the procedures were performed during daytime hours, the impact of any circadian variation if any should be small and are likely to be equally distributed amongst the various groups. We also did not assess for cerebrovascular disease involvement, although this will be examined in future trials. Furthermore, inherent to the fact that the majority of patients presented for coronary angiography and the frequent coexistence of disease in multiple vascular beds, our sample of patients with PAD alone is small. Lastly, we acknowledge that the patients studied here may not be representative of age-matched healthy subjects that will require further study to obtain a better understanding between H 2 S and NO bioavailability and cardiovascular disease.
In conclusion, our findings provide initial insight into plasma-free H 2 S and NO bioavailability during cardiovascular disease states using precise analytical measurement techniques revealing unique pathophysiologic relationships between these molecules. Our findings suggest that closer evaluation of gasotransmitter levels during cardiovascular disease could be informative from a clinical or therapeutic perspective. While our study may be viewed as hypothesis generating, larger, multicenter trials are needed to further investigate the utility of these results and to gain greater insight into the pathophysiological importance of H 2 S and NO bioavailability during cardiovascular disease.
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